The 17 putative RNA helicases required for pre-rRNA processing are predicted to play a crucial role in ribosome biogenesis by driving structural rearrangements within preribosomes. To better understand the function of these proteins, we have generated a battery of mutations in five putative RNA helicases involved in 18S rRNA synthesis and analyzed their effects on cell growth and pre-rRNA processing. Our results define functionally important residues within conserved motifs and demonstrate that lethal mutations in predicted ATP binding-hydrolysis motifs often confer a dominant negative phenotype in vivo when overexpressed in a wild-type background. We show that dominant negative mutants delay processing of the 35S pre-rRNA and cause accumulation of pre-rRNA species that normally have low steady-state levels. Our combined results establish that not all conserved domains function identically in each protein, suggesting that the RNA helicases may have distinct biochemical properties and diverse roles in ribosome biogenesis.
In the nucleolus, RNA polymerase I transcribes a single polycistronic pre-rRNA that is processed to obtain the mature 18S, 5.8S, and 25S-28S rRNAs. In the yeast Saccharomyces cerevisiae, the primary 35S pre-rRNA is packaged into a large RNA-protein complex (RNP) termed the small ribosomal subunit (SSU) processome-90S preribosome (8, 15, 16) . The SSU processome is essential for processing at sites A 0 , A 1 , and A 2 , thereby releasing the 20S and 27SA 2 pre-rRNAs from the primary transcript ( Fig. 1) (8) . The U3 small nucleolar RNA (U3 snoRNA) is an integral component of the SSU processome and base pairs with the pre-rRNA for assembly and function of the SSU processome (8) . Processing at sites A 0 , A 1 , and A 2 initiates the formation of 43S and 66S preribosomal particles (12, 32, 46) . Alternatively, cleavage at site A 3 occurs first, leading to the formation of the 23S and 27SA 3 prerRNAs. Subsequent processing at sites A 0 (22S), A 1 (21S), and A 2 yields the 20S pre-rRNA (43S preribosome) (Fig. 1) .
The 27SA 2 and 27SA 3 precursors, already packaged in 66S large ribosomal subunit (LSU) preribosomes, are then processed to the mature 5.8S and 25S rRNAs. The 20S precursor, part of the 43S preribosomes, is transported to the cytoplasm where it is cleaved at site D, generating the mature 18S rRNA and 40S small ribosomal subunits.
Ribosome biogenesis in yeast requires over 150 trans-acting protein factors, not including the small nucleolar RNAs that are also involved (12, 32, 46) . As might be expected, many of the nonribosomal proteins harbor motifs that are characteristic for enzymes. These include numerous P-loop-type NTPases, protein kinases, and putative remodeling enzymes, like DEXD/H box proteins and AAA-ATPases, underscoring the complexity of ribosome biogenesis (12, 13, 17, 46) . The DEXD/H box proteins function in a variety of aspects of RNA metabolism, including pre-mRNA splicing, nuclear transcription, translation, and pre-rRNA processing (45) . These proteins are often referred to as RNA helicases or unwindases, since they can unwind small duplexes of RNA in an NTP-dependent, generally ATP-dependent, manner in vitro. However, many DEXD/H box proteins appear to have more diverse or distinct functions than just unwinding RNA (7, 45) and are therefore generally referred to as DEXD/H box NTPases or DEXD/H box proteins. For simplicity, we will refer to these proteins as RNA helicases.
In pre-mRNA splicing, RNA helicases play a pivotal role either by unwinding or weakening RNA duplexes or by altering RNA-protein interactions (41, 45) . In addition, they may also function as "RNPases." Active and processive unwinding of RNA duplexes can result in dissociation of RNA-bound proteins, as has been demonstrated in vitro (20) . Like pre-mRNA splicing, ribosome biogenesis is a highly dynamic process that involves numerous RNA-RNA and RNA-protein interactions and structural rearrangements. The RNA helicases may mediate or disrupt base-pairing interactions between the large number of snoRNAs and the pre-rRNA or initiate structural rearrangements within the pre-rRNP to facilitate protein binding or dissociation. Thus, it is very likely that they play a central regulatory role in ribosome biogenesis.
A total of 17 RNA helicases have been implicated in ribosome biogenesis, each with a unique function; many of these are conserved in humans (45) . Seven of these proteins (Dhr1, Dhr2, Dbp8, Rok1, Fal1, Rrp3, and Dbp4) (4, 6, 21, 24, 27, 47) have been shown to be specifically involved in synthesis of the 18S rRNA and thus the assembly of the SSU. Has1 is the only putative RNA helicase that is required for both SSU and LSU synthesis (11) . These proteins belong to the class of DEAD (Dbp8, Rok1, Fal1, Rrp3, and Dbp4) and DEAH (Dhr1 and Dhr2) box RNA helicases and are essential for cell growth. A characteristic feature of these proteins is the presence of a conserved core within the polypeptides, which generally consists of seven to eight motifs (Fig. 1B) . Motif I (Walker A),
FIG. 1. (A)
Pre-rRNA processing in Saccharomyces cerevisiae. RNA polymerase I transcribes a 35S pre-rRNA that contains external (ETS) and internal (ITS) transcribed spacers. The pre-rRNA is subjected to chemical modifications and cleaved at several sites to produce the mature 18S rRNA, 5.8S rRNA, and 25S rRNA. Pre-rRNA processing can start with cleavage at site A 0 , yielding the 33S pre-rRNA, followed by cleavages at sites A 1 and A 2 or A 3 . Alternatively, cleavage at site A 3 occurs first, leading to the formation of the 23S and 27SA 3 pre-rRNAs, which are (3, 45) . The recently discovered Q motif, which appears to be specific for DEAD box-type RNA helicases, has been proposed to be required for ATP binding, ATP hydrolysis, and binding of the RNA substrate (5, 44) .
To gain more insight into the role of the conserved motifs, we have performed a comprehensive characterization of almost all the DEXD/H box RNA helicases involved in ribosome biogenesis. Based on previous in vivo and in vitro studies with RNA helicases involved in pre-mRNA splicing, our study focused on generating dominant negative mutations to freeze the biochemical reactions in which these proteins are involved, thereby leading to accumulation of preribosomal complexes. The function of the endogenous helicase is thus inhibited by overexpression of an inhibitory variant of the same protein (18) . For example, a mutant enzyme with an inactivated catalytic site retains its ability to bind substrate but can no longer release it, thereby sequestering the limited substrate. Such an approach has been successfully applied to precisely determine the function of many RNA helicases in energy-dependent steps of spliceosome assembly-disassembly. In almost all cases, these proteins were trapped in inactive spliceosomes (2, 10, 19, 26, 31, 39, 40) . This strategy has also been adapted to characterize the recently discovered Q motif (44) .
Here, we present our results on the RNA helicases involved in SSU biogenesis. We have found that mutations in domains required for ATP binding (motifs I and II) generally caused a dominant negative growth defect, while mutations in the Q motif and motif III did not. For each dominant negative protein, we have determined the effects of the mutations on prerRNA processing and found that yeast strains expressing these mutants accumulate pre-rRNA species that under normal conditions are barely detectable. Our results suggest that overexpression of dominant negative helicases stalls processing of pre-rRNA, leading to defects in processing at sites A 0 , A 1 , and A 2 . Since all the tested RNA helicases are essential for growth, we also addressed whether the mutants can support growth. Collectively, our results show that conserved motifs do not function identically in each protein and imply that these RNA helicases may have distinct or diverse biochemical properties. Our results also define functionally important residues in the SSU RNA helicases.
MATERIALS AND METHODS
Yeast strains and media. YPH499 (mata ura3-52 lys2-80 ade2-101 trp1-⌬63 his3-⌬200 leu2-⌬1) was used as the parental strain to construct the strains described here. Galactose-inducible, triple hemagglutinin (3HA)-tagged genes and HA-and tandem affinity purification (TAP) carboxyl-tagged genes (Kan r marker and Kluyveromyces lactis TRP marker, respectively) were generated as previously described (25, 34) . Strains with doxycycline (DOX)-repressible DEXD/H box RNA helicases alleles (tetO7; Kan r marker) were generated as described previously (14) . Strains expressing 3HA carboxyl-tagged proteins were grown in YPD (1% yeast extract, 2% peptone, and 2% dextrose) at 30°C. Strains expressing 3HA amino-terminal-tagged proteins (GAL::3HA-DHR1; GAL::3HA-FAL1) were grown in YPG/R (1% yeast extract, 2% peptone, 2% galactose, and 2% raffinose). For the serial dilution experiment (see Fig. 5 ), 2-g/ml doxycycline (Sigma) was used. Strains carrying pYES2 plasmids (pYES2 or pYES2.1, 2m URA; Invitrogen) were grown in synthetic complete medium lacking uracil (-URA; Clontech), supplemented with 2% dextrose (SD) or with 2% galactose and 2% raffinose (SG/R).
DNA manipulations. The TAP-tagged alleles were amplified using PCR from yeast genomic DNA prepared from a strain expressing the TAP carboxyl-tagged DEXD/H proteins. The pGAL constructs were generated by cloning the PCR products into the pYES2 vector (2m URA; Invitrogen) using the BamHI and NotI restriction sites (DBP8-TAP and FAL1-TAP) or into the pYES2.1 TOPO vector (DHR1-TAP, DHR2-TAP, and RRP3-TAP). All mutations were generated using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's procedures. The sequence of all mutants was confirmed by automated DNA sequencing (W. M. Keck DNA sequencing facility at Yale University).
RNA manipulations and immunoprecipitations. For the Northern blot analyses, cells transformed with pYES2 RNA helicase-DNA constructs were grown in SD-URA at 23°C to exponential phase and shifted to SG/R-URA, and growth was monitored for 24 or 48 h. Depending on when the rate of growth changed, RNA was extracted from cells harvested at either 0, 10, or 24 h (Dbp8, Dhr1, and Dhr2) after the shift or 0, 24, or 48 h after the shift (Fal1 and Rrp3). Northern blot analysis of high-molecular-weight RNA species on formaldehyde-1.25% agarose gels was performed as described previously (9) . Immunoprecipitations and analysis of coimmunoprecipitated RNAs were performed as described previously (23) .
Serial dilutions. To determine whether proteins were dominant negative, YPH499 strains carrying pYES2 RNA helicase plasmids were grown in SD-URA to exponential phase and subsequently shifted to SG/R-URA for 6 h to induce protein expression. Ten-fold dilutions were made and spotted on SD-URA and SG/R-URA solid media. For the complementation experiments, tetO7 strains carrying pYES2 plasmids were grown in SD-URA. Ten-fold dilutions were made and spotted on SD-URA and doxycycline-supplemented SG/R-URA. Plates were incubated at 17°C, 23°C, and 30°C.
Western blot analysis. Mpp10 was detected using a rabbit polyclonal antibody (9) . For the Western blot analysis (see Fig. 3B and C), strains harboring pYES2 RNA helicase plasmids were grown in SD-URA to exponential phase. Protein expression was induced for 6 h in SG/R-URA. TAP-tagged proteins were detected with the peroxidase antiperoxidase antibody (PAP; Sigma) using procedures described previously (23) .
RESULTS
Rrp3, Rok1, Dhr1, Dhr2, and Dbp8 interact with the SSU processome. Many of the RNA helicases involved in SSU biogenesis (SSU RNA helicases) have been frequently detected in tandem-affinity-purified SSU processomes-90S preribosomes (8, 15, 16, 22) . To verify their association with the SSU processome-90S preribosome, we assessed whether tagged proteins coimmunoprecipitated two known components of the SSU processome, the U3 snoRNA and the Mpp10 protein (Fig. 2) . For this purpose, we constructed strains in which 3HA tags were fused to the amino-or carboxy-terminal end of subsequently processed at sites A 0 (22S), A 1 (21S), and A 2 (20S), yielding the 20S pre-rRNA (43S preribosome). The 43S preribosome is exported to the cytoplasm, where it is cleaved at site D to generate the mature 18S rRNA and the SSU. Within the 66S preribosomes, the 27SA 2 is subjected to processing steps that lead to the production of 5.8S and 25S rRNAs. The 27SA 2 can be cleaved at site A 3 , leading to the production of the 25S rRNA and the short form of 5.8S [5.8S (S) ]. Alternatively, the 27SA 2 pre-rRNA is processed at another site, yielding the long form of 5.8S [5.8S (L) ] and the 25S rRNA. These rRNAs join with 5S rRNA to form the mature 60S LSU. The oligonucleotides used in this study are indicated. (B) Schematic representation of conserved motifs in DEXD/H box helicases and explanation of their proposed function. The mutations that were introduced are indicated by arrows.
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chromosomally encoded genes. Immunoprecipitation experiments were performed using anti-HA antibodies. To assess the efficiency of coimmunoprecipitation and to make sure that a lack of coprecipitation was not due to RNA degradation, 10% of the input material and 10% of the supernatant were also analyzed ( Fig. 2 , lanes 1, 3, 4, and 6). Dbp8, Rrp3, Dhr2, and Rok1 coimmunoprecipitated both U3 snoRNA and Mpp10, albeit to various degrees, while Fal1 did not coprecipitate significant amounts of U3 and Mpp10 (Fig. 2 , lanes 2 and 5). The DEAH box-and SSU processome-associated protein Dhr1 was used as a positive control (4, 8) , whereas the parental strain (YPH499) and a factor involved in LSU biogenesis (Rpf2) were used as negative controls (49) . Probing of the Western blots with anti-HA antibodies revealed that all 3HA-tagged SSU RNA helicases were enriched in the immunoprecipitates (data not shown). Taken together, our results establish that almost all tested SSU DEXD/H box proteins associate with the SSU processome-90S preribosome. Construction and expression of mutant RNA helicase alleles. To better understand the function of the SSU RNA helicases in ribosome biogenesis, we performed a large-scale mutational analysis to assess the importance of predicted motifs for protein function. We focused on generating dominant negative mutations, because if a protein is dominant negative it efficiently competes with the endogenous protein for RNA or RNP substrate binding. Also, it provides a strong indication that the protein is assembled into or interacts with preribosomes. As templates for the mutagenesis experiments, highcopy-number (2m plasmid) constructs harboring TAP epitopetagged alleles were generated, which were placed under the conditional GAL1 promoter (pYES2). This plasmid and promoter was used to ensure high levels of expression and therefore to increase the probability that the mutant proteins would outcompete the wild-type proteins. For our analysis, we specifically targeted amino acids that are predicted to be involved in ATP binding and/or ATP hydrolysis and that were most likely to cause a dominant negative phenotype, based on others' previous studies (1a, 2, 6, 10, 19, 26, 28, 29, 31, 35-37, 39, 40, 44, 50) . We focused on the Q motif, motif I (Walker A), motif II (Walker B; DEXD/H), and motif III (SAT). A schematic overview of the motifs and the mutations that were introduced in each SSU RNA helicase is shown in Fig. 1B . The highly conserved glutamine in the Q motif, common only to DEXD box proteins (44) , was mutated to either an alanine (Rrp3) or a leucine (Dbp8; Fal1) (44) . The mutation in the invariant lysine in the predicted motif I (Walker A) was mutated to either an alanine or an arginine. Based on studies performed with DNA helicases-recombinases (33, 42, 43) , the alanine substitution should abrogate ATP binding and hydrolysis, while the more conservative arginine mutation generally blocks only ATP hydrolysis. The first aspartic acid in motif II (DEXD/H box), which may coordinate binding of the Mg 2ϩ cofactor (3), was replaced by alanine. The first amino acid in motif III was mutated to a leucine, which, based on in vivo and in vitro studies, may uncouple ATP hydrolysis and RNA helicase activity (30, 31, 40) . Overall, we predicted that these mutations would specifically affect ATP binding and hydrolysis and would have the lowest probability of affecting RNA or RNP substrate binding.
To determine the degree of overexpression of the mutated helicases, we compared the helicase protein levels in strains expressing the wild-type TAP-tagged RNA helicases from the pYES2 plasmid to strains expressing the genomically encoded TAP-tagged RNA helicases. Strikingly, expression from the pYES2 plasmid yielded approximately 5-to 50-fold-higher expression levels than expression from the endogenous promoter ( Fig. 3A ; Genomic versus pYES2). In this exposure, the genomically expressed Rrp3-TAP and Fal1-TAP were not detectable and only became visible in longer exposures (data not shown). We next analyzed the expression levels of the mutant RNA helicases and compared them to the wild-type proteins expressed from the pYES2 plasmids (Fig. 3B) . Protein expression was induced for 6 h by growing the cells in galactosecontaining medium (SG/R). The results show that, except for Dbp8 Q29L, Dbp8 K52R, and Dhr2 D203A, the expression levels of the mutant RNA helicases were comparable to those of the wild-type proteins, demonstrating that the mutations did not dramatically affect their accumulation in the cell.
While we had wanted to include the SSU helicases Dbp4 and Rok1 in our analyses, we were unable to do so for the following reasons. In contrast to the other helicases, TAP-tagged Dbp4 The parental strain (YPH499) and strains expressing 3HA-tagged SSU RNA helicase proteins (Dhr1, Dhr2, Dbp8, Rrp3, Fal1, and Rok1) or 3HA-tagged LSU protein Rpf2 were grown in YP medium to exponential phase. Tagged proteins were immunoprecipitated from extracts using mouse anti-HA monoclonal antibodies (12CA5). Coimmunoprecipitated proteins were separated by 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and coimmunoprecipitated RNA was resolved on 6% polyacrylamide-8 M urea gels. Mpp10 was detected with a rabbit anti-Mpp10 polyclonal antibody (9), whereas the U3 snoRNA was detected by Northern blotting with a radiolabeled antisense U3 oligonucleotide (9) .
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was expressed only at low levels from the pYES2 plasmid (data not shown) and so was not a good candidate for the generation of dominant negative mutants. Strains expressing a genomically encoded Rok1-TAP protein grew much slower than the parental strain (approximately twofold; data not shown), suggesting that the tag alone impaired Rok1 function. We therefore focused on the other putative RNA helicases required for SSU biogenesis. RNA helicases carrying mutations in motifs I and II are generally dominant negative. To determine whether the mutations conferred a dominant negative growth defect when overexpressed in the presence of the endogenous protein, we made 10-fold serial dilutions of strains carrying pYES2 plasmids harboring the wild-type or mutant RNA helicases. Yeasts were spotted on galactose-containing medium to express the helicases and on dextrose-containing medium to ascertain equal spotting of cells. Growth was monitored at 17°C, 23°C, and 30°C (Fig. 4 and Table 1 ). For most RNA helicases, overexpression of motif I and motif II mutants, which we predicted would block ATP binding and/or hydrolysis, caused reduced growth rates, although to varying degrees. This was frequently most prominent at 17°C and indicates that the RNA helicases harboring mutations in ATP binding-hydrolysis motifs are dominant negative in vivo. There were, however, some exceptions including Dhr1 K420R, Dbp8 K52R (at 17°C and 23°C), and Dhr2 D203A. Furthermore, motif I and II mutants in Rrp3 and Fal1 caused only very moderate dominant negative growth defects. However, in general (also based on results discussed below) (Table 1) , we conclude that mutations in motifs I and II are dominant negative.
In contrast, mutations in both the Q and motif III (SAT) of the SSU helicases did not cause dominant negative growth defects. It has been proposed that the Q motif is required for ATP binding, ATP hydrolysis, and RNA-RNP substrate binding, whereas motif III (SAT) may couple ATP hydrolysis and mechanical activity (5, 44, 45) . Our results show that none of the Q motif mutations caused a dominant negative effect on growth. Furthermore, except for the Dhr2 S236L mutant, overexpression of motif III mutants also did not dramatically affect the growth rate at all the temperatures tested. Thus, SSU helicases with mutations that are predicted to affect RNA binding or helicase activity generally were not dominant negative when overexpressed.
In summary, our results show that for most of the RNA helicases tested, mutations in motif I and motif II caused dominant negative growth defects, whereas mutations in motif III and the Q motif did not.
Highly conserved residues in motif I and motif II are essential for function; however, substitutions in the Q motif and motif III are not always deleterious. All of the RNA helicases required for SSU biogenesis are essential for viability. To assess the importance of the predicted motifs for function in vivo, we tested whether the mutated proteins could support growth in strains where the endogenous proteins were depleted. For this purpose, the chromosomally encoded genes were placed under the control of the tetracycline-doxycycline-regulatable promoter (tetO7). When these conditional strains transformed with the pYES2 RNA helicase constructs are grown on DOXsupplemented galactose-containing plates, they were dependent on the RNA helicase protein expressed from the pYES2 FIG. 3 . Overexpression of SSU RNA helicases from pYES2 plasmids. (A) SSU RNA helicases expressed from pYES2 plasmids accumulate at levels 5-to 50-fold higher than those of genomically encoded SSU RNA helicases. Yeast expressing genomically encoded TAP-tagged SSU RNA helicases under the control of the endogenous promoter (Genomic) or from pYES2 plasmids (pYES2) were grown in synthetic medium containing galactose and raffinose (SG/R-URA) to exponential phase. Extracts prepared from an equal amount of cells were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and TAP-tagged SSU RNA helicases (indicated on top of each lane) were detected by Western blot analysis with an antibody (PAP) that recognizes the protein A portion of the TAP tag. Mpp10 was used as a control for loading of equal amounts of protein. (B) Mutations in conserved motifs in SSU RNA helicases do not dramatically affect protein expression and stability. Strains carrying SSU RNA helicase pYES2 plasmids were grown in synthetic medium containing dextrose to exponential phase and subsequently grown in synthetic medium containing galactose (SG/R-URA) for 6 h to induce protein expression. TAP-tagged wild-type or mutant RNA helicases (as indicated on top of each panel) were detected by Western blot analysis using an antibody (PAP) that recognizes the protein A domain in the TAP tag. In each lane, extracts prepared from an equal number of cells were loaded, and Mpp10 was used as a control for loading equal amounts of protein.
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plasmid. In this way, we could test whether the RNA helicase mutants were required for cell viability and thus whether they were functional in vivo. The results of the complementation assays are shown in Fig. 5 and summarized in Table 1 . The first panel on the left in Fig. 5 shows that the addition of DOX to solid medium caused a significantly reduced growth rate in tetO7 conditional strains, although with some variability, demonstrating that the antibiotic causes efficient RNA helicase depletion. As expected, we observed that mutations in RNA helicases that conferred a dominant negative growth defect were generally not functional in vivo. Conversely, a large number of the RNA helicase mutants that were not dominant negative sustained growth as well as their wild-type counterpart and were therefore functional. Exceptions were the Dhr2 D203A and Dhr1 K420R mutants, which either partially (Dhr2 D203A) or completely (Dhr1 K420R) ( Table 1) failed to support growth but were not dominant negative. In contrast, mutations in the Q motif had little effect on growth. Both the glutamine-to-alanine or glutamine-to-leucine mutations in the Q motif supported growth, indicating that an intact Q motif is not essential for function in SSU RNA helicases. However, mutation of the Q in Dbp8 and Rrp3 did cause slight temperature sensitivity ( Fig. 5 ; Table 1 ), suggesting that it is important to a limited extent. In contrast to previously published work (44) , the glutamine-to-leucine mutation in the Fal1 Q motif did not appear dramatically impair its function (Fal1 Q50L) (Fig. 5) .
Mutations in motif III had diverse effects on RNA helicase function. Substitutions in motif III (SAT-LAT) affected the function of the DEAH box RNA helicases Dhr1 and Dhr2, FIG. 4 . Motifs I and II of SSU RNA helicase mutants are frequently dominant negative. YPH499 strains carrying pYES2 plasmids encoding TAP-tagged wild-type or mutant SSU RNA helicases (indicated on the left of each panel) were grown in synthetic medium containing dextrose (SD-URA) to exponential phase and subsequently grown in synthetic medium containing galactose (SG/R-URA) for 6 h to induce protein expression. Serial dilutions (10-fold) were spotted on either dextrose-containing plates (SD-URA; DEX) to verify even spotting of the culture and on galactose-containing plates (SG/R-URA; GAL) to induce expression from the pYES2 plasmids. Growth was monitored at 17°C, 23°C, and 30°C.
while the DEAD box RNA helicase motif III mutants (Dbp8, Rrp3, and Fal1) were capable of supporting growth in depleted cells ( Fig. 5 ; Table 1) .
Although we have not tested other substitutions, these results suggest that mutations in highly conserved regions are very often tolerated and that many of these conserved residues are not absolutely essential for function. Furthermore, our results demonstrate that substitutions in motifs I and II generally disrupted SSU RNA helicase function, whereas mutations in the Q motif and motif III were not always deleterious. However, because the mutant proteins were overexpressed in our assay, it is possible that our assay did not allow us to distinguish between fully functional and partially defective enzymes. Nevertheless, considering that the same mutations in different RNA helicases gave different results, we can conclude that not all of the conserved residues are equally important for SSU RNA helicase function in vivo.
Overexpression of dominant negative SSU RNA helicases delays pre-rRNA processing of the 35S pre-rRNA and the synthesis of 18S rRNA. We examined the effect of the dominant negative SSU helicases on pre-rRNA processing. To obtain RNA for analysis, yeast was grown in liquid culture at 23°C, since the growth defect was usually most prominent at low temperatures. At mid-log phase, the cells were shifted to galactose-containing medium to induce expression of the mutant RNA helicases. Growth was monitored for 48 h. In most cases, mutations in helicases that were dominant negative on plates also conferred growth defects in culture, although the effect was sometimes not dramatic (Fig. 6 ). Yeasts were harvested at several time points after the shift to galactose, depending on when the growth rate changed, and RNA was extracted for Northern blot analysis. For the strains expressing dominant negative mutations that caused a strong growth defect on solid medium (mutations in Dbp8, Dhr1, and Dhr2), we analyzed RNA from cells harvested at 0, 10, and 24 h following the shift to galactose (Fig. 7 and Table 1 ). For the analysis of strains expressing dominant negative mutants that caused a moderate or weak growth defects on solid medium and in culture (Rrp3 and Fal1), we isolated RNA from cells harvested at 0, 24, and 48 h after the shift (Fig. 7 and Table 1 ).
Our Northern analysis results suggest that overexpression of the Dbp8, Fal1, and Dhr2 dominant negative mutants affected processing at sites A 0 , A 1 , and A 2 and therefore the production of 18S rRNA. The defects in processing at A 0 , A 1 , and A 2 are illustrated by the accumulation of 23S pre-rRNAs ( Fig. 1 and Fig. 7, lanes 1 to 18 and 31 to 51) . The 23S pre-rRNA is an 18S rRNA precursor that contains the 5Ј external and internal transcribed spacers up to the A 3 cleavage site. Therefore, its accumulation points to defects in processing at A 0 , A 1 , and A 2 . In some cases, we also observed concomitant reduction in levels of the 32S and 20S pre-rRNAs in cells expressing the dominant negative proteins. Notably, overexpression of the Dbp8 dominant negative mutants also caused a modest accumulation of 22S pre-rRNAs, indicating delays in A 1 and A 2 processing (Fig. 1A and Fig. 7, lanes 4 to 12) . Similarly, the dominant negative Rrp3 mutants delayed processing at sites 
A 1 and A 2 Defects primarily in A 1 and A 2 processing; 18S rRNA synthesis defects (27) Wild type
A 0 , A 1 , and A 2 reduction in 18S rRNA levels
Defects primarily in A 1 and A 2 processing; 18S rRNA synthesis defects (4) Wild type
A 0 , A 1 , and A 2 reduction in 18S rRNA levels A 0 , A 1 , and A 2 processing defects; 18S rRNA synthesis defects (4) Wild type
The column "Dominant negative?" summarizes the data shown in Fig. 4 and 6 ; ϩϩϩ, ϩϩ, ϩ, and ϩ/Ϫ signs indicate the degree of dominant negative growth observed on plates or in culture. The column "Supports growth?" summarizes the data shown in Fig. 5 ; ϩϩϩ, ϩϩ, and ϩ signs indicate the degree of complementation from the mutated RNA helicases. The column "Processing defects caused by dominant negative mutants (23°C)" summarizes data shown in Fig. 7 .
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A 1 and A 2 , as indicated by the accumulation of the 22S prerRNA species (Fig. 1A and Fig. 7, lanes 22 to 30) . Indeed, this is consistent with the pre-rRNA processing defects observed upon genetic depletion of Rrp3 (27) . In most cases, the dominant negative mutants did not completely block but seemed to kinetically delay pre-rRNA processing, leading to accumulation of intermediates (in these experiments, this was consistently the 23S pre-rRNA) that were usually barely detectable. Also, except for the Dbp8 and Dhr2 mutants, we observed little effect on the accumulation of the mature 18S rRNA, also indicating a slowing in pre-rRNA processing. These results are consistent with previously published genetic depletion results (4, 6, 21) , except that genetic depletion of Dhr1 has been shown to primarily affect cleavages at sites A 1 and A 2 (4).
DISCUSSION
Here, we present a detailed and comprehensive mutational analysis of DEXD/H box RNA helicases required for 18S rRNA synthesis, which we call the SSU RNA helicases. We have verified that many of the SSU RNA helicases interact with the SSU processome-90S preribosomes and have defined functionally important amino acids within these proteins. Interestingly, many of the lethal mutations in motifs predicted to FIG. 5 . Motif I and II SSU RNA helicase mutations are generally lethal, whereas the Q motif and motif III mutations are frequently tolerated. SSU RNA helicases controlled by the tetO7 promoter are efficiently depleted when doxycycline is added to medium. Cells were grown in dextrose-containing media (YPD) to exponential phase, and serial dilutions (10-fold) of tetO7 strains were spotted on either glucose-containing plates (ϪDOX) (left panels) or glucose containing plates with doxycycline (ϩDOX) (right panels) and incubated at 30°C. Serial dilutions (10-fold) of SSU RNA helicase tetO7 conditional strains harboring pYES2 plasmids encoding TAP-tagged wild-type and mutant RNA helicases (indicated on the left of each panel) were grown in synthetic dextrose medium (SD-URA) and spotted on glucose-containing plates (SD-URA; DEX) and galactose-containing plates with doxycycline (SG/R-URA plus DOX; GAL ϩ DOX). Growth was monitored at 17°C, 23°C, and 30°C.
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be involved in ATP binding conferred a dominant negative growth defect when overexpressed in a wild-type strain, suggesting that ATP binding is essential for in vivo function but likely not required for binding of RNA or RNP substrate. Analysis of pre-rRNA processing in strains expressing dominant negative mutants revealed kinetic delays in 35S pre-rRNA processing and in some cases reduced accumulation of the 18S rRNA, defects that in most cases were similar to what was observed upon genetic depletion of the RNA helicases. Most of the SSU RNA helicases associate with the SSU processome. Our immunoprecipitation experiments confirmed that almost all of the tested SSU RNA helicases interact with the SSU processome-90S preribosome, as judged by their association with the SSU processome components Mpp10 and U3 snoRNA. Prior to our work, the SSU helicases could be divided into two groups: those that had been frequently copurified with preribosomes in tandem affinity purifications (Dbp8, Dhr1, Dbp4, and Rok1) and those that had been rarely or never detected in preribosomes (Rrp3, Dhr2, and Fal1) (15, 22, 48) . Consistent with this, we found that the SSU helicases in the first group all coimmunoprecipitated SSU processome components. Also consistent with this, we found that Fal1 (in the second group) did not coimmunoprecipitate SSU processome components. However, both Rrp3 and Dhr2, which have never been found in tandem affinity purifications, did coimmunoprecipitate small amounts of SSU processome components. It may be that enzymes such as the SSU RNA helicases transiently interact with preribosomes and thus are not always detectable in purified particles or yield small amounts of coimmunoprecipitating SSU processome components. In addition, while we have found that Dhr2 coimmunoprecipitates SSU processome components Mpp10 and U3 snoRNA, another group found that it did not (4). Consistent with our results, the pattern of pre-rRNAs obtained upon Dhr2 depletion implies a function in the SSU processome-90S preribosome (4) .
The DEAD box protein-specific Q motif. It has been proposed that the highly conserved glutamine in the Q motif is required for ATP binding, ATP hydrolysis, and binding of RNA substrate (5, 44) . Glutamine-to-alanine or -leucine mutations in the DEAD box proteins eIF4-A, Ded1, Prp5, and Fal1 were previously shown to be lethal, suggesting that this conserved amino acid has an important function in these proteins (44) . Therefore, we were surprised that analogous mutations in the Q motifs of the DEAD box SSU RNA helicases Dbp8, Rrp3, and Fal1 did not appear to markedly affect function in vivo. We do not understand why we have obtained different results upon mutation of the Q motif of Fal1 than others have found previously (44) , but it is consistent with our overall results. Of the 13 RNA helicases tested in our combined analyses, only the Dbp10, Drs1, and Dbp6 Q motif mu- FIG. 6 . Growth curves of strains expressing SSU RNA helicases from pYES2 plasmids. Growth rates of the wild type (diamonds), motif I K-A mutants (squares), motif I K-R mutants (triangles), and motif II D-A mutants (stars) in SG/R-URA at 23°C are shown. Strains carrying pYES2 RNA helicase plasmids (indicated in the legends on the figure) were grown in synthetic dextrose-containing medium (SD-URA) to exponential phase and subsequently shifted to galactose-based medium (SG/R-URA); growth was monitored for 24 to 48 h at 23°C. The absorbance at an optical density of 600 nm is plotted on the y axis, whereas the time in galactose-based medium (in hours) is plotted on the x axis.
VOL. 26, 2006 MUTATIONAL ANALYSIS OF DEXD/H BOX RNA HELICASES 1191 tations were lethal. The Dbp6 and Drs1 Q motif mutants also conferred a dominant negative growth defect (1) . Although our analysis of the Q motif was not exhaustive because we did not test other substitutions, our results suggest that an intact glutamine in the Q motif in most cases is not essential for function of the DEAD box RNA helicases involved in ribosome biogenesis. Elements implicated in ATP binding: motifs I and II. Our results show that the mutations in motifs I and II, which are predicted to affect ATP binding and hydrolysis, were generally dominant negative when expressed in yeast. Moreover, of these, none of the motif I lysine mutants were able to support growth. Likewise, for many RNA helicases required for splicing, analogous mutations in splicing RNA helicases in motif I (Prp16 and Prp22) and motif II (Prp16, Prp22, and Prp43) are lethal and also cause dominant negative growth defects (19, 26, 38) . Since a dominant negative effect is a very strong indication that these mutants have retained their ability to bind their RNA and/or RNP substrates, it is tempting to speculate that for most RNA helicases required for ribosome biogenesis, ATP binding is not essential for RNA-RNP substrate binding. Indeed, almost all of the dominant negative splicing factor mutants that have been characterized interact with the spliceosome and are often more stably bound than their wild-type counterparts (10, 31, 36, 39 ).
Substitutions in highly conserved residues in motif III are frequently tolerated. Previous results suggest that motif III has a role in coupling ATP hydrolysis with helicase activity but is not required for binding ATP. In the prototypical DEAD box protein eIF4-A and the DEAH box protein Prp22, substitution of the serine (SAT) in motif III abrogated RNA helicase activity but did not dramatically affect ATP hydrolysis (30, 40) ; in the case of Prp2, it also did not interfere with ATP hydrolysis (31) . We showed that the serine-to-leucine substitutions in motif III only affected the DEAH box RNA helicases Dhr1 and Dhr2; the latter mutant also conferred a strong dominant negative growth defect when overexpressed (Table 1) . Introduction of this mutation in the motif III of DEAH box LSU RNA helicases showed similar results, but the Mtr4 motif III mutant was the only one that conferred a strong dominant negative effect in vivo (1). Thus, it appears that an intact first amino acid in motif III (SAT or TAT for Dbp8) is not essential for function for many of the RNA helicases required for ribosome biogenesis.
The use of dominant negative RNA helicases as tools to study RNA helicase-RNP complex interactions in vivo. One of the goals of this project was to use the dominant negative mutant proteins to purify stalled or intermediate preribosomal complexes because dominant negative mutants are predicted to stably bind their RNA or RNP substrates. However, when FIG. 7 . Overexpression of dominant negative SSU RNA helicases causes aberrant pre-rRNA processing. Strains carrying pYES2 RNA helicase plasmids (indicated on the top of each panel) were grown in synthetic dextrose-containing medium (SD-URA) to exponential phase and subsequently shifted to galactose-based medium (SG/R-URA). Yeasts were grown for 24 to 48 h at 23°C. RNA was extracted from cells harvested at the indicated time points (in hours), and equal amounts of RNA was resolved by 1.25% denaturing agarose gels. Northern blots were hybridized with various radiolabeled oligonucleotides (indicated on the sides of the panels). The positions of the various pre-rRNAs on the membrane are depicted on the left of each panel.
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we analyzed the association of TAP-tagged wild-type and dominant negative proteins with pre-rRNA precursors, both the wild-type and mutant proteins coimmunoprecipitated many diverse pre-rRNAs (data not shown). After testing different negative controls in the immunoprecipitations, we concluded that the observed interactions were probably related to overexpression of the helicases yielding nonspecific interactions. Expression of SSU RNA helicase mutants from a CEN-based low-copy-number plasmid (pGAD3) did not cause dominant negative growth defects (data not shown), indicating that very high levels of expression are absolutely essential to outcompete the wild-type proteins. Collectively, our results with 23 mutations in the SSU RNA helicases, with 4 to 5 mutations per helicase, show that lethal mutations in RNA helicases involved in ribosome biogenesis predicted to block ATP binding and/or ATP hydrolysis are very often also dominant negative when overexpressed in yeast. This indicates that ATP binding and hydrolysis are essential for function but not always a prerequisite for RNA or RNP substrate binding. Moreover, mutation of residues that are conserved among all the tested RNA helicases did not have the same effect on every protein, strongly indicating that they do not all share the same biochemical properties. Thus, it is very likely that these RNA helicases have distinct functions in ribosome biogenesis.
